1. Introduction {#sec1}
===============

Large-scale distribution patterns of species richness and their underlying causes are still subject of debate in ecology and biogeography ([@bib16]). Numerous factors have been proposed to explain large-scale patterns of species richness, including climate ([@bib40], [@bib41], [@bib43], [@bib22], [@bib10], [@bib70], [@bib66]), historical biogeography ([@bib71]), environmental heterogeneity ([@bib50], [@bib58], [@bib59]), and human activity ([@bib2], [@bib17], [@bib60], [@bib69]).

Although the relative importance of various factors in shaping species richness patterns remains in dispute, researchers agree that climatic factors are among the most important ([@bib40], [@bib42], [@bib44], [@bib14], [@bib13], [@bib66]). For instance, previous studies have suggested that climate is closely correlated with species richness on regional, continental, or even global scales ([@bib9], [@bib4], [@bib30], [@bib66], [@bib90]). Among climatic parameters, environmental energy ([@bib47], [@bib66]), water availability ([@bib40], [@bib30], [@bib70]), and rainfall seasonality ([@bib40], [@bib1]) may influence the geographical patterns of species richness.

The richest plant diversity and the most diverse array of vegetation types in the world are located in China ([@bib82], [@bib83]), where the climate ranges from tropical to temperate. Thus, China is an ideal region to characterize geographical distributions of species richness and test whether these species richness patterns are correlated with specific climate types. Indeed, plant richness patterns in China have long been widely studied at various taxonomic and regional scales; however, these studies have yet to consistently identify which climatic parameters are most important in determining species richness patterns ([@bib5], [@bib32], [@bib35], [@bib65], [@bib66], [@bib90]).

Recent studies have suggested that the monsoon climate plays an important role in plant biodiversity in China ([@bib54], [@bib56], [@bib37]). The Asian monsoon climate, which was established in China as early as the Paleogene ([@bib56]), is characterized by wet summers and dry winters ([@bib89]). The development of the Asian monsoon might have been a major factor driving the evolution of the East Asian floras ([@bib8]). Increased precipitation seasonality could lead to the migration or extinction of some plant taxa ([@bib57], [@bib64]), consequently shaping the vegetation of China ([@bib33]). For example, the intensification, by the late Pliocene, of the Asian monsoon and its pronounced dry winters may have hampered the survival of *Cedrus* seedlings, leading to the disappearance of *Cedrus* in western Yunnan ([@bib57]). Similarly, the genus *Metasequoia* did not survive the intensification of the Asian monsoon, which, during the Neogene, brought aridity in winter and spring, and may have been the main factor that contributed to its disappearance in southwestern China ([@bib64]). Accordingly, the Asian monsoon climate, together with a complex topography, has made southern China a biodiversity hotspot ([@bib54], [@bib56], [@bib37]). However, no previous research has examined how this monsoonal climate affects large-scale species richness patterns in China.

In this study, we first analyzed the distribution patterns of woody dicotyledons in humid regions of China. Second, we investigated which geographical and climatic factors are correlated with species richness patterns in these same regions.

2. Materials and methods {#sec2}
========================

2.1. Study regions {#sec2.1}
------------------

This study focuses on humid regions of China, where the mean annual precipitation (MAP) is higher than 400 mm, which is a threshold for humid and arid regions in China ([@bib48]); the eastern area of this isoline is mainly exposed to the Asian monsoon ([@bib62]). These humid regions contain 2082 counties, representing 88% of the total 2380 counties in China.

2.2. Data set on the species distribution of Chinese woody dicotyledons {#sec2.2}
-----------------------------------------------------------------------

The distribution of woody dicotyledons was obtained from the database of native woody dicotyledons in China, which includes 3166 native woody species belonging to 536 genera and 111 families (see the electronic [Supplementary Data 1](#appsec1){ref-type="sec"} in [@bib6]). This data set was derived from *Seed Plant of China* ([@bib84]), specimen records at the Herbarium of the Kunming Institute of Botany (KUN), and *Flora of China* ([@bib74], [@bib75], [@bib76], [@bib77], [@bib78], [@bib79], [@bib80], [@bib81]). The native Chinese woody dicotyledons in this data set include trees and large shrubs (defined as woody plants \> 3 m in height), which contain 2272 trees and 894 large shrubs (see [Supplementary Data 1](#appsec1){ref-type="sec"}); trees in the current study represent 77.3% of the total 2939 trees in China ([@bib11], [@bib34]). This sampling strategy has been useful in our recent studies on the relationship between the climate and spatial distribution patterns of leaf characters ([@bib6], [@bib7]). Maps of the present-day distribution of 3166 species were compiled and digitized using a Geographical Information System (GIS) (ArcView GIS 3.2, ESRI, New York, USA) at county level. The calibration data set used for analysis consisted of 732 sites at the county level, where each county contained at least 20 species (see electronic [Supplementary Data 2](#appsec1){ref-type="sec"} in [@bib6]).

Each county covers an area from 231.6 to 41,931.5 km^2^, with an average area of 2714.5 km^2^. To eliminate the effects of variation of area size on our estimations of species richness, we used maps based on equal-area counties ([@bib52], [@bib66]). Thus, we changed each county area to an equal grid of 50 × 50 km; the refined species richness of each grid was as follows:

The species richness of each calibration grid is shown in [Supplementary Data 2](#appsec1){ref-type="sec"}.

2.3. Climate variables {#sec2.3}
----------------------

To test the effects of climatic variables on species richness, the climatic parameters used in this study were grouped into three categories: environmental energy, water availability, and seasonality rainfall. The energy-related variables included mean annual temperature (MAT), warmest month mean temperature (WMMT), coldest month mean temperature (CMMT), and growing season length (GSL, months when the mean monthly minimum temperature exceeds 10 °C). For water-related variables, we chose MAP and growing season precipitation (GSP). In addition, we used precipitation during the three wettest consecutive months (P3WET), precipitation during the three driest consecutive months (P3DRY), wettest month precipitation (Pmax), and driest month precipitation (Pmin) to represent the seasonality rainfall variables.

Asian monsoonal climates have significant characteristics, especially in terms of precipitation pattern; namely, these climates have abundant rainfall during the summer and drought during the winter ([@bib31]). Previous studies have proposed that the difference between P3WET and P3DRY can serve as a proxy for the plant and leaf physiognomy response to the monsoon climate ([@bib63], [@bib23], [@bib86], [@bib29], [@bib7]). In this study, we followed this idea, using P3WET and P3DRY as signals of the Asian monsoon.

Climate data with 30-year records on average (1951--1980) were obtained from weather stations in each individual county from the Yunnan Provincial Meteorological Bureau (YPMB) and the China Meteorological Data Sharing Service System (available online: <http://cdc.cma.gov.cn/>). The climatic parameters of each county are shown in the [Supplementary Data 2](#appsec1){ref-type="sec"}.

2.4. Data analysis {#sec2.4}
------------------

County-level maps of the distribution of woody dicotyledon richness were compiled with transformed 50 × 50-km grids and digitized for application in a Geographical Information System (GIS) (ArcView GIS 3.2, ESRI, New York, USA).

Species richness was log-transformed for analyses because of the highly right-skewed distribution and the large standard deviation (SD) in relation to the mean ([@bib27]). Strong standard deviations for climate variables (MAP, GSP, P3WET, P3DRY, Pmax, and Pmin) were also log-transformed, whereas longitude, latitude, MAT, WMMT, CMMT, and GSL were not transformed because of the low standard variation. The relationships between log-transformed woody dicotyledons richness and geography, temperature, and log-transformed precipitation were quantified using single linear regressions (SLR). All statistical analyses were conducted using SPSS version 19 (SPSS Science, Chicago, IL, USA).

3. Results {#sec3}
==========

3.1. Geographical patterns of species richness, precipitation during the three wettest consecutive months (P3WET), and precipitation during the three driest consecutive months (P3DRY) {#sec3.1}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Species richness varied from 1 to 808 per grid, with an average of 142 species per grid ([Table 1](#tbl1){ref-type="table"}). In general, species richness was high in southern China, but significantly lower in northern China. Moreover, species richness was relatively high in mountainous areas and comparatively low in plains and on plateaus ([Fig. 1](#fig1){ref-type="fig"}).Table 1Data on woody dicotyledon richness, geographic and climatic variables in 732 grids across the humid regions of China. SD: standard deviation.Table 1RangeMinimumMaximumMeanSDSpecies richness8071808141.6149.90Log (Species richness)2.80.12.90.90.45Geographic variablesLongitude (°E)42.991.1134.0110.66.74Latitude (°N)33.518.251.728.15.03Environmental energyMean Annual Temperature (MAT, in °C)27.8−2.425.416.14.48Warmest Month Mean Temperature (WMMT, in °C)22.38.731.025.73.56Coldest Month Mean Temperature (CMMT, in °C)48.8−28.020.85.26.94Growing Season Length (GSL, in month)12.00.012.09.02.12Water availabilityMean Annual Precipitation (MAP, in mm)2057.5418.12475.61244.9402.70Log (MAP)0.82.63.43.10.16Growing Season Precipitation (GSP, in mm)2475.60.02475.61145.1401.98Log (GSP)1.12.43.43.00.18Seasonality rainfallPrecipitation 3 Wettest Cons. Months (P3WET, in mm)1264.5214.41478.9618.2189.27Log (P3WET)0.82.33.22.80.14Precipitation 3 Driest Cons. Months (P3DRY, in mm)202.91.2204.187.457.73Log (P3DRY)2.20.12.30.80.42Wettest Month Precipitation (Pmax, in mm)430.086.1516.1233.069.95Log (Pmax)0.81.92.72.40.13Driest Month Precipitation (Pmin, in mm)58.30.158.423.716.06Log (Pmin)2.8−1.01.81.20.47Fig. 1Distribution pattern of woody dicotyledon richness in humid regions of China with a mean annual precipitation (MAP) above 400 mm.Fig. 1

The patterns of P3WET and P3DRY generally showed a decreasing trend from southeastern to northwestern China ([Fig. 2](#fig2){ref-type="fig"}a and b). For P3WET, some anomalous areas of high precipitation were observed, e.g., the western part of Yunnan Province, the southwest of Sichuan Province, and the northeast of Liaoning Province. In addition, based on the P3DRY, areas with extremely high precipitation were the Gaolingong Mountains west of Yunnan, while north of Hainan Island was characterized by an extremely low precipitation ([Fig. 2](#fig2){ref-type="fig"}, b).Fig. 2Distribution patterns of the change of the precipitation during the three wettest consecutive months (P3WET) and precipitation during the three driest consecutive months (P3DRY).Fig. 2

3.2. Correlations among species richness and geographic and climatic variables {#sec3.2}
------------------------------------------------------------------------------

Species richness of woody dicotyledons in humid regions of China was significantly negatively correlated with latitude variation (*r*^2^ = 0.18, *P* \< 0.0001), but not with longitude variation (*P* \> 0.05) ([Fig. 3](#fig3){ref-type="fig"}).Fig. 3Relationships among geographic and climatic variables and log-transformed woody dicotyledon richness in humid regions of China. Abbreviations for climate parameters: MAT, mean annual temperature (°C); WMMT, warmest month mean temperature (°C); CMMT, coldest month mean temperature (°C); GSL, growing season length (month); MAP, mean annual precipitation (mm); GSP, growing season precipitation (mm); P3WET, precipitation during the three wettest consecutive months (mm); P3DRY, precipitation during the three driest consecutive months (mm); Pmax, wettest month precipitation (mm); Pmin, driest month precipitation (mm).Fig. 3

Species richness was significantly correlated with all temperature-related climatic parameters in humid regions of China, including MAT, CMMT, WMMT, and GSL. The temperature-related parameter with the highest correlation to species richness was MAT (*r*^2^ = 0.20, *P* \< 0.0001), while the temperature-related parameter with the lowest correlation to species richness was GSL (*r*^2^ = 0.13, *P* \< 0.0001) ([Fig. 3](#fig3){ref-type="fig"}).

There was a strong correlation between species richness and log-transformed MAP (*r*^2^ = 0.25, *P* \< 0.0001) and GSP (*r*^2^ = 0.23, P \< 0.0001). In particular, among all climatic variables, MAP showed the highest correlation with species richness ([Fig. 3](#fig3){ref-type="fig"}). Additionally, species richness was significantly correlated with seasonality rainfall variables, such as P3WET, P3DRY, Pmax, and Pmin ([Fig. 3](#fig3){ref-type="fig"}). In general, species richness was more affected by P3DRY (*r*^2^ = 0.24, *P* \< 0.0001) than by P3WET (*r*^2^ = 0.17, *P* \< 0.0001) ([Fig. 3](#fig3){ref-type="fig"}).

4. Discussion {#sec4}
=============

4.1. The distribution pattern of species richness and its relationship with climate {#sec4.1}
-----------------------------------------------------------------------------------

Our study shows that species richness is distributed along a latitudinal gradient in humid regions of China ([Fig. 1](#fig1){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}b). This finding is consistent with previous results ([@bib88], [@bib5], [@bib66]) and with the well-noted observation that species richness decreases with increasing latitude at a continental or even global scale ([@bib21], [@bib25], [@bib67], [@bib51], [@bib45], [@bib16], [@bib46], [@bib39], [@bib3]).

All climatic variables showed significant and positive correlations with species richness in humid regions of China ([Fig. 3](#fig3){ref-type="fig"}). The climatic variables with the highest correlation with species richness were MAP (*r*^2^ = 0.25, *P* \< 0.0001) and P3DRY (*r*^2^ = 0.24, *P* \< 0.0001). Thus, our study indicates that water availability (precipitation-related climatic parameters), and not environmental energy (temperature-related climatic parameters), is the major climate factor in determining large-scale distribution patterns of species richness in humid regions of China, which is evidenced by previous studies at large scales ([@bib36], [@bib49], [@bib18], [@bib19], [@bib68], [@bib20], [@bib40], [@bib38], [@bib53], [@bib15], [@bib26], [@bib28], [@bib32], [@bib33], [@bib35]).

However, our results disagree with several previous studies in China. For instance, previous studies suggested that the warmth index (an index of the growing season heat sum) was most significantly correlated with tree richness in northeast China ([@bib65]), and that winter low temperature (mean temperature of the coldest quarter, MTCM) was the major factor that contributed to patterns of woody plant richness in China ([@bib66]). Although energy, water, and climatic variability are the most important climatic factors that shape patterns of species richness on a large scale, the relative importance of particular climatic factors on these patterns may vary geographically ([@bib40], [@bib22], [@bib30], [@bib70], [@bib65]). For instance, an analysis of 21 studies that examined the relationship between climatic factors and large-scale plant richness gradients showed that in the tropics, subtropics, and warm temperate zones, water variables usually represent the strongest predictors of plant richness, whereas in high latitude zones, water-energy (temperature) variables dominate ([@bib22]). The proposed explanation for these findings is that in warm areas where energy is abundant, water availability might be a key constraint on plant richness. In cold regions, however, where energy inputs are lower and thus more likely to be limiting, energy interacts with water to contribute to plant richness. In our study, the humid regions of China are located in warm areas with abundant energy. Thus, our results show that water variables are the most important climatic parameters in determining large-scale patterns of plant richness in humid regions of China.

4.2. Species richness under the Asian winter monsoon climate {#sec4.2}
------------------------------------------------------------

In this study, species richness correlated more significantly with P3DRY (*r*^2^ = 0.24, *P* \< 0.0001) than with P3WET (*r*^2^ = 0.17, *P* \< 0.0001). In China, the P3DRY occurs in winter and is related to the Asian winter monsoon. Thus, this finding demonstrates that the species richness in humid regions of China is largely affected by the Asian monsoon, especially the Asian winter monsoon, which may be explained by several factors.

First, China experiences a strong modern Asian monsoon climate, characterized by a wet summer and a dry winter ([@bib31], [@bib89]). The South Asian monsoon climate was established by the Paleogene, and the seasonality of rainfall increased progressively, achieving modern monsoon-like wet summers and dry winters, by the early Oligocene ([@bib56]). A recent study suggested that the formation and development of the Asian monsoon might be the main factor driving the evolution of the East Asian floras ([@bib8]). Plant species must have adapted to the seasonality of rainfall in the geological past. Through natural selection, only plants that are able to tolerate seasonal drought can grow under monsoonal conditions, whereas those unable to adapt to this climate type become extinct ([@bib57], [@bib64]). Therefore, the seasonality of rainfall formed by monsoonal climate could influence species richness ([@bib41], [@bib1], [@bib54]).

Second, under the Asian monsoon climate, the leaves of woody plants, which are the main functional trait, must adapt well to the extremely seasonal climatic conditions, and thus, leaf physiognomy is distinctive under a monsoon climate ([@bib23], [@bib55], [@bib7]). It seems that plant leaves affected by the Asian monsoon climate, to a certain degree, may reflect the response of species distribution in relation to this climate.

Third, according to plant physiological studies, drought impedes normal growth, disturbs water relations, and reduces water use efficiency in plants ([@bib12]), even preventing seedling germination ([@bib85]). Additionally, the low temperature during the winter can limit leaf net photosynthetic rate, damage enzyme function, disrupt membranes and cellular processes, and even cause irreparable tissue damage ([@bib24]). Thus, seasonal drought or low temperatures may have affected plant physiology and shaped the distribution patterns of plants and species richness on a large scale ([@bib72], [@bib73], [@bib61], [@bib40], [@bib87]).

Finally, the distribution of the P3DRY and species richness largely overlap in areas where species number is higher than 150 ([Fig. 4](#fig4){ref-type="fig"}); thus, a relatively high species richness usually occurs in areas with high P3DRY in humid regions of China. Therefore, species richness in humid regions of China is influenced by the Asian monsoon climate with seasonal drought, accompanied by low winter temperatures.Fig. 4Distribution of precipitation during the three driest consecutive months (P3DRY) and woody dicotyledon richness where species number is above 150.Fig. 4

5. Conclusions {#sec5}
==============

In the present study, we investigated the distribution pattern of woody dicotyledons, based on a large-scale dataset, in humid regions of China. Our results suggest that the species richness shows a latitudinal trend, decreasing with increasing latitude. All climatic variables, especially MAP, significantly and positively correlate with species richness. Moreover, the seasonality of rainfall, controlled by the Asian monsoon climate, contributes to species richness, because species richness closely correlates with the winter monsoon, which is mainly characterized by P3DRY, in contrast to the summer monsoon, which is mainly characterized by P3WET. These results suggest that woody dicotyledon richness in humid regions of China is mainly affected by the Asian winter monsoon climate.
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